Fractional exhaled nitric oxide (FeNO) is a useful marker of airway inflammation in asthmatics. Nitric oxide synthase (NOS) requires tetrahydrobiopterin as a cofactor and produces superoxide during NO generation. Therefore, we investigated the relationship of FeNO to pteridine biosynthesis and oxidative stress in pediatric asthma patients. We recruited 67 asthmatic children for FeNO measurement and examined neopterin, biopterin, and Diacron-reactive oxygen metabolites (d-ROMs) as an oxidative stress marker in both summer and winter. Although d-ROMs levels did not show significant correlation with FeNO levels in summer, d-ROMs and FeNO were positively correlated in winter (p <0.05). Both neopterin and biopterin levels in the blood tended to be lower in patients who showed higher FeNO. Multivariate analysis revealed that increased IgE levels correlated with increased FeNO (p <0.01) and decreased neopterin (p <0.05) levels. This data supports a mechanism by which decreased levels of pteridines promote reactive oxygen species production upon NO generation, resulting in airway injury in asthmatic patients. Correlation with IgE level indicates that Th2-mediated allergic inflammation is involved in this process.
Introduction
Based on recent advances in our understanding of the mechanisms of asthma, the condition can be defined as chronic airway inflammation. Inflammatory cells including macrophages, neutrophils, eosinophils, and mast cells infiltrate airways and cause epithelial cell injury. This injury leads to airway hypersensitivity, airflow obstruction, and airway remodeling, which results in irreversible airway structural changes (1) . Treatment strategy for asthma is now focused on controlling chronic airway inflammation. The use of inhaled corticosteroids (ICS) and leukotriene receptor antagonist (LTRA) has yielded great success in both controlling clinical symptoms and improving longterm prognoses (2, 3) .
Current childhood asthma treatment guidelines in Japan suggest that intensity of treatment should be determined primarily based on clinical symptoms (4) . Since the chronic inflammatory process can progress without exhibiting severe symptoms, and since the frequency of attacks can be influenced by various environmental factors, it is difficult to make treatment decisions for individual cases (5, 6) . Therefore, caregivers have sought more objective and direct biomarkers for chronic airway inflammation. In 2005, a landmark study by Smith demonstrated that measurement of fractional exhaled nitric oxide (FeNO) could reduce the dose of inhaled corticosteroids without compromising clinical symptoms (7) .
The increase in NO during inflammation has been demonstrated to be due to activation of an inducible type of NO synthase (iNOS). The iNOS is generally associated with such immune system constituents as eosinophil (8) . Levels of NO produced by iNOS can be as low as 10 nM to µM, and iNOS enzyme activity depends on several co-factors in the microenvironment (9) . During the burst of NO production, a shortage of these co-factors can result in the production of hazardous free radicals such as peroxynitrite (ONOO − ) (10) .
Neopterin is an important intermediate in the de novo synthesis of biopterin from guanosine triphosphate. Increased level of neopterin is found in various inflammatory conditions (11, 12) . Cytokines such as interferon-γ (IFN-γ), tumor necrosis factor-α (TNF-α), and interleukin-2 (IL-2) induce GTP cyclohydrolase I, which is a rate-limiting enzyme for BH 4 de novo synthesis (13) . BH 4 is also synthesized by successive actions of dihydrofolate reductase (DHFR) in salvage pathways (14) . Despite the fact that BH 4 is known to be an essential co-factor for NOS (15) , an understanding of the regulation of NOS and BH 4 levels in physiologic and pathologic states in the lungs remains elusive.
Although FeNO is currently a hot topic in clinical management for asthma patients, several other markers of oxidative stress have been reported in asthma patients. Increased levels of hydrogen peroxide, carbon monoxide, ethane, and 8-isoprostane in exhalates of these patients have been documented (16) (17) (18) . In this study, we evaluated such oxidative stress by a quick and simple method known as the d-ROMs test (Diacron-Reactive Oxygen Metabolites, Diacron International s.r.l.; Grosseto, Italy). The d-ROMs test essentially measures oxidizing capacity in blood based on the principle of Fenton's reaction. The level of dROMs has been reported to increase during acute exacerbation of asthma in adults (19) .
In this study, we investigated the relationship of FeNO to pteridine biosynthesis and oxidative stress in pediatric asthma patients. We succeeded in elucidating molecular mechanisms of chronic inflammation in asthma and found a basis for searching for optimal biomarkers.
Materials and Methods

Study subjects
We recruited 67 childhood asthma patients who had participated in children's asthma camps (male 111, female 70 and total 181). The study was approved by the Clinical Research Ethics Committee of Osaka City University. Informed consent was obtained from each participant and their parents.
Exhaled Nitric Oxide (FeNO) measurement
Breath was collected in bags (off-line method). NO was measured using the chemiluminescence technique with a SIEVERS NO Analyzer according to the manufacturer's instructions.
Oxidative stress measurement (d-ROMs test)
Blood samples were collected and reactive oxygen metabolites (ROMs) measured using a Free Radical Analytic System (FRAS4). The basic principle of this test is to measure hydroperoxide (ROOH*) metabolites through a Fenton reaction and a Haber-Weiss reaction with iron. The peroxyl (ROO*) and alcoxyl (RO*) radicals produced as a result are trapped by an alkylamine and then lead to a colored radical that is detectable at 505 nm wavelength.
Pteridine analysis Blood samples were collected from patients, and ascorbic acid was added immediately to avoid pteridine degradation. Pteridines were oxidized with iodine in acidic media and Neopterin and biopterin were measured using HPLC with fluorimetric detection (SIMADZU LC-10) as previously described (20) .
Statistical analysis JMP (Version 9) was used to conduct the analysis. The relationship between two parameters was tested by calculating the Spearman's rank correlation coefficient.
Results
Clinical characteristics of study subjects
We enrolled a total of 67 childhood asthma patients who had participated in children's asthma camps. Participating patient profiles are summarized in Table 1 .
Average child age was 10 years, and the ratio of males to females was 1:0.9. More than 80% of the patients had good asthma control, in which they had an attack less than once a month; 57% were on leukotriene receptor antagonist (LTRA); and 45% used inhaled corticosteroids (ICS).
Correlation of FeNO and oxidative stress
We asked the patients to visit our clinic twice a year in summer and winter. At each visit, blood was drawn to evaluate oxidative status using the d-ROMs test, and FeNO was measured. Figure 1a illustrates the overall correlation between Table 1 .: Clinical characteristics of study subjects FeNO and d-ROMs. There was a tendency toward positive correlation, but a statistically significant relationship was not observed (r s = 0.17, p = 0.11). We noticed that some patients exhibited extremely high FeNO values only during the summer season. Therefore, we reanalyzed the correlation between FeNO and d-ROMs in summer and winter separately. As shown in Figure  1b , the correlation became weaker in summer and stronger in winter. In the winter season, FeNO and dROMs were positively correlated in a statistically significant manner (r s = 0.35, p <0.05).
Correlation of FeNO and pteridines
Next, we measured biopterin blood levels in the asthma patients. Since pteridine biosynthesis is known to be activated by both acute and chronic inflammatory response, we expected to see higher levels of pteridines in asthma patients. Surprisingly, however, we found that biopterin levels were significantly lower than age-matched reference values. The mean biopterin blood level in those asthma patients was 9.8 ± 2.5 nM (compared to a reference value of 24.6 ± 5.9 nM). In contrast to biopterin, neopterin blood levels in asthma patients were within the normal range, with an average of 20.2±7.4 nM (compared to a reference value of 17.9 ± 10.6 nM). Then we analyzed the correlation between FeNO and pteridines (see Figure 2) . Neither biopterin nor neopterin exhibited any statistically significant correlation with FeNO, but both had a tendency to correlate negatively with the FeNO level (r s = −0.09, p = 0.47 and r s = −0.22, p = 0.08, resp.). In sum, we concluded that pteridine levels in asthma patients tended to decrease in response to chronic inflammation in the airway.
Multivariate correlation with serum IgE level
Since serum IgE level is a reliable biomarker of various allergic conditions, we included serum IgE levels in our multivariate correlation analysis of FeNO, oxi- dative stress, and pteridines (see Figure 3 and Table 2 ). Consistent with previous reports, FeNO was strongly correlated with the serum IgE level (R = 0.30, p <0.01). FeNO tended to be higher in patients with higher IgE levels. Of interest, biopterin also showed a significant inverse correlation with the serum IgE level (r s = −0.28, p <0.05). Therefore, biopterin tended to be lower in patients with higher IgE levels.
Discussion
In this study, we attempted to find correlations between biomarker candidates and chronic airway inflammation. Relatively large numbers of childhood asthma patients were successfully recruited, and multiple data points were collected. Our analysis yielded several interesting observations. (1) The correlation between FeNO and d-ROMs varied depending on the season, with stronger correlation in winter than in summer. (2) FeNO and pterines did not show significant correlation, but biopterin levels tended to be lower in asthmatic children. Neopterin also tended to be lower in patients with higher FeNO levels. (3) Serum IgE levels strongly correlated with FeNO, and neopterin tended to be lower in patients with higher serum IgE levels.
It remains unclear why we saw stronger correlation between FeNO and d-ROMs in winter. In summer, asthma patients generally have greater exposure to various allergens such as mites and air pollutants (21) . Recent study has shown that serum nitrite concentrations were higher in allergic rhinitis patients outside pollen season than during the pollen season (22) . We speculated that FeNO might be fluctuating over a short-term period upon exposure to allergens or treatment interventions, whereas d-ROMs were relatively stable, reflecting a basal level of oxidative stress. Figure 4 summarizes our results and proposed potential mechanisms to explain the observed correlations. In the asthma patients, NO biosynthesis was induced by aberrant immune response in local airways and resulted in an increased level of FeNO. NO synthase (NOS) required BH 4 as a co-factor, but BH 4 biosynthesis pathways were not induced. BH 4 biosynthesis pathways are known to be activated through Th1 mediated cytokines such as IFN-γ, TNF-α, and IL-2, which are produced upon bacterial infection. This fact indicated that the Th2 mediated immune response was dominating the Th1 response in asthma patients. Higher levels of IgE also confirmed that Th2 pathways were involved in this process. In adults, significant inverse relationship between neopterin and IgE has been reported (23) . Our results and proposed mechanisms support the so-called "hygiene hypothesis" (24, 25).
It is quite interesting that the asthma patients were generating NO with a relative shortage of BH 4 . Under such conditions, NO synthase was uncoupled and generated more free radicals as byproducts, potentially damaging epithelial cells lining airways (10) . Supplementation of BH 4 or inductive agents for BH 4 biosynthesis might be effective in preventing airway remodeling (26). Alternatively, antioxidant supplementation might be beneficial. In this study, we only measured pteridines and oxidative stress in the bloodstream. It is crucial to investigate the status of oxidative stress as well as BH 4 levels in the local bronchial microenvironment.
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